The influence of mobile ions on the results of impedance spectroscopy (dielectric spectroscopy) measurements performed on a liquid crystal cell using the new mathematical model recently described was investigated. This mathematical model reformulates the fundamental equation system of continuity for mobile charge carriers and the Poisson equation using new variables. One makes the following assumptions: ions have different mobilities and diffusion coefficients, there is no generation-recombination process, the equilibrium carrier concentrations are uniform and equal each other, the electrodes are either completely blocking or blocked with adsorption-desorption processes. The final result is the analytical expression of the equivalent admittance for the system, allowing to have a clearer picture of the mobile ions and of the processes that occur at the electrode interface influencing the dielectric behavior.
Introduction
The results of impedance spectroscopy measurements performed at low and very low frequencies on a liquid containing mobile charge carriers shows a high value of dielectric constant and dielectric losses far above the amounts of material volume. Under to the effect of the external alternating electric field there is a movement and an accumulation of the mobile charge carriers at interface between sample and measuring electrodes. Ion accumu-lation near the electrodes creates a space charge region which gives rise to so called electrode polarization (EP).
The charge carriers accumulation at the interface electrode/sample is caused by the electrodes to be more or less "permeable" for charge transfer.
The importance of (theoretical) knowledge of the electrode polarization is due to the fact that the effects of this type of polarization cover at low and very low frequency other specific dielectric relaxation processes of the sample material.
The electrode polarization effects induced by charge carriers in liquid, called spatial polarization, have been widely investigated both experimentally and theoretically [1] [2] [3] [4] [5] [6] [7] [8] . Electrical conduction of the liquid crystals has an ionic origin. The ions are due to either chemical decomposition of the molecules forming liquid crystals themselves or to the impurities introduced intentionally or unintentionally during sample preparation or measurement cell ( [9] and the references cited there).
Theoretical analysis of electrical properties of such a physical system is achieved by solving the continuity equations for positive and negative ions and Poisson's equation for electric potential of the sample, together with certain boundary conditions determined by the type electrodes. Considering the generation-recombination processes in volume, the diffusion and drift of mobile charge carriers and the electric field is determined by solving the Poisson equation.
The boundary conditions depend on the electrodes character (nature). They can be perfectly blocking, with complete blocking of charge transfer, blocking with the processes of adsorption/desorption or "Ohmic" meaning they are permeable to the transfer of charge through their surface. In each physical situation are established the boundary conditions equations that must meet the density of electric current: displacement current for blocking electrodes, conduction current for the "Ohmic" electrodes. The surface of the measuring electrode cell does not require necessarily, a specific orientation of the liquid crystal molecules. Specifying whether the polarization is isotropic or anisotropic cannot be made then.
The first general approach to the space charge polarization (EP) was undertaken by Macdonald and collaborators [10, 11] and the results have been customized in several situations of practical interest [11, 12] . The final expressions for the real and imaginary parts of the dielectric constant are rather complicated, and their use to interpret experimental data not straightforward.
In last time, simplified theoretical versions of the Macdonald model have been formulated for relevant cases of the liquid crystals with completely or partially dissociated ionic impurities [13-20, 22, 23, 27] . Even in these situations, the final formulas have a relatively complicated expression or do not have an explicit analytical form. This paper continues the development and the implementation of a proper mathematical model for theoretical study of the electrode polarization (EP). This approach allows us to solving the problem and to obtain exact analytical form for the admittance (impedance) of the considered physical system. This mathematical model was used previously [24] for simple EP case when the mobile positive and negative charge carriers have equal diffusion coefficients, are univalent and do not recombine [9, 16, 24] . Assumption that the properties of negative charge carriers, i.e. positive, physical quantities are numerically equal although useful simplification calculations is not realistic. For ion diffusion coefficients and mobility are relatively close in certain samples, but in most cases they are different in value.
The situations found in a liquid crystal cell in which the concentration of impurities is small are taken into consideration. In this limit case the dissociation can be considered complete. So the concentrations of the ions produced by dissociation are small. Thus the probability of the interaction between them (i.e. the recombination) is negligible. For these reasons the net recombination is assumed to be null.
The considered physical system contains a liquid insulator with the dielectric constant ε (ε = ε 0 ε R ), placed between two metal plan-parallel electrodes. The electrode surface is equal to S, and the distance between them is L. The coordinate system is chosen so that the x-axis is perpendicular to the electrode surface and the origin is placed at half distance between them.
An external voltage (potential difference) ( ) is applied to the system:
where U is the external bias voltage (dc regime), A ( ) is external alternating voltage (ac regime), U A is the amplitude and ω is the angular frequency. In the linear response approximation U A V T (where V T = B T / is the thermal energy, and electric charge q is the modulus of the ions, assumed identical except for sign).
The liquid contains a pair of mobile charge carriers: negative (anions) and positive (cations) univalent with concentrations n and p and characterized by physical quantities such as the mobilities µ , µ , the diffusion coefficients D , D . In the volume the recombination / generation processes of mobile charge carriers can occur with certain net rates , .
Further is analyzed the situation specified by the following assumptions [17, 18, 20] Depending on the nature the electrodes these are: a) complete blocking electrodes, the electric current densities are zero at their surface [9, 20, 24] ; b) blocking electrodes with adsorption/desorption process, the electric current densities are equal to the temporal variation for the surface density of adsorbed ions [16, 17, 22] . Another hypothesis is that the ions are point-like.
Fundamental equations of the electrode polarization
The equations of continuity describe the transport of mobile electrical charge carriers. The electric current densities are , , and the current density (flux) of particles are J , J . Between the two pairs of densities there are the relationships: = J = − J , where q is the elementary electric charge module.
Continuity equations for the positive and negative charge carriers are as follows [10, 11, 25] :
where = R − G and = R − G are the net recombination rates for positive and negative electric charge carriers. The complete system of equations is obtained by attaching the Poisson equation at the continuity equations. The Poisson equation is the relationship between the electric field and the net electric charge density:
From the equation of conservation for electric charge follows that the total electric current density is constant in space:
is the electric current density and σ = µ + µ is the electrical conductivity. A solution of the system containing the equations (2), (3) and (4) is obtained together with some specific boundary conditions imposed by the nature of the electrodes and by the presence of the adsorption-desorption processes. Because the equations (2), (3) and (4) 
It is assumed that all the other quantities will be expressed by the sum of two terms. For example, the electric current densities have the form:
where 0 refers to the stationary case, index 1 is for time dependent case, and m is p or n.
The stationary case will not be considered in the following.
In the ac case the equations system for the variables 1 ( ) 1 ( ) and E 1 ( ) contain imaginary terms from the derivative with the time variable:
The total ac electric current density is
where σ 0 = µ 0 + µ 0 is the equilibrium conductivity and σ 1 = µ 1 + µ 1 is the non-equilibrium conductivity.
The alternative voltage applied to the system is determined by the relationship:
Fundamental equations (8) together with adequate boundary conditions determine the variables 1 , 1 , E 1 . The boundary conditions (depending on the nature of the electrodes) are the following:
1. the complete blocking electrodes; the electric current densities should be set aside their surface [9, 18, 20, 24] :
2. the blocking electrodes with adsorption/desorption processes; the electric current densities must be equal to the temporal variation of the surface concentration of the adsorbed ions; the electrodes are identical in terms of the adsorption/desorption, and the boundary condition are [16, 17, 23] :
For low rates of the adsorption/desorption, the kinetic equation describing the time variation of surface concentration of ions adsorbed on the electrodes Σ , Σ , contains two phenomenological parameters: one associated with the adsorption and the other to the desorption phenomena [16, 17, 23] :
where τ , τ are the desorption time for each species and K , K are constants proportional to the rate of ion adsorption at the electrodes.
The two different situations concerning the nature of electrodes can be analyzed together because the first boundary condition (11) can be considered as a special case of the second, eqs. (12) and (13), when the quantities K , 1/τ , K , 1/τ are equal with zero.
In ac mode the boundary conditions equations are:
and written explicitly are:
where = . The electric current (I = S ) at the electrode surface is given by the specific boundary conditions depending on the nature of the electrodes and the adsorption-desorption processes. In the small signal approximation the equations are linear and the admittance is defined as Y (ω) or the impedance as function of the frequency [9, 10, 16] :
So in the expression of the admittance Y (ω) are highlighted the influence of physical quantities associated with the volume and surface processes. It must be noted that the absence of recombination requires certain conditions for the specific parameters of the two processes of adsorption/desorption because in the presence of blocking electrodes the total number of each charge carrier type is constant and the system must be electrically neutral.
If the surface concentration of positive Σ (±L/2 ) and negative Σ (±L/2 ) charge carriers is assumed on each electrode, the two conditions mentioned above lead to the relations:
At thermodynamic equilibrium (±L/2) = (±L/2) = 0 and from the eqs. (13) 
Also in the thermodynamic equilibrium state the system is neutral (E = 0 N = N = ) so that the physical quantities of adsorption and desorption processes must satisfy the relationship K τ = K τ . The condition can be fulfilled if the physical parameters of adsorption (K , K ) and desorption (τ , τ ) are equal [18, 20] . However the pair quantities for adsorption and desorption are different as considered in ref. [17] :
For the alternative regime (ac), in the absence of recombination, the particle number conservation for each type of carriers leads through the eqs. (13) to:
From the above relations the following equations are obtained:
that can be simultaneously satisfied if are met the conditions:
where = .
It follows that the spatial distributions of concentrations of alternative regime are anti-symmetric functions. The function's properties of 1 ( ) and 1 ( ) will be used to determine the general solution of the problem defined by eqs. (8), (10) together with the Eq. (11) or (12).
The proposed mathematical model

Introducing new independent variables
The mathematical model recently presented [24] , allows the distribution of the concentration of mobile ions and electric field in a way simpler than those already described in literature [17, 18, 20] .
The variables called "average value" and "differential value" are defined as the semi-sum and the difference in concentrations of both types of carriers, meaning that "average value" is the average of local concentrations of charge carriers and the "differential value" is proportional to the net electric charge density and the factor of proportionality is equal to elementary charge [24] [25] [26] :
The choice of new variables is suggested by the fact that the net charge density depends on the concentration difference between positive and negative charge carriers. The charge density occurs both in the expression of the continuity equation and the Poisson equation. All physical quantities associated with the mobile charge carriers can be properly expressed by "the mean value" and "differential value". Thus let be a quantity A, which is noted A for the positive charge carriers and A for the negative charge carriers; using these can be determined the corresponding quantities A and A :
For example, the diffusion coefficients have relations:
The ratio of the corresponding differential and mean quantities is a number with values between -1 to +1 and may be used as a development parameter in the iterative perturbation solution. Thus the parameter λ (|λ| ≤ 1) has been introduced, which is defined by the relationship:
and the parameter θ
The method applied for quantity A can be extended to other operations or expressions with physical quantities of the mobile charge carriers so that they can be expressed by "mean value" and "differential value". This can explain the difference between the form of these equations and of the results here obtained and those find in the works [25, 26] . Extending the process of using two types of variables (mean and differential) to all physical quantities and operations including them is explained by the fact that it allows: a) expressing the equations depending on the fundamental (main) variables and ; b) obtaining a symmetric form of the expressions and equations; c) the possibility of defining some sub-unitary parameters, such as λ, θ.
Ac regime equations in the new form
According to the new variables ( , and E 1 ) a system of equations is obtained, which is equivalent to the above Eq. (8), using the following linear combinations: the first equation (8) will be divided by D , the second equation (8) will be divided by D , and the results will be added/subtracted:
The equations system of (27) can be used for a fairly large range of situations where the electrode polarization occurs.
The boundary conditions at the sites = ±L/2, rewritten according to the new variables have the expressions:
a) The completely blocking electrodes:
b) The blocking electrodes in the presence of the adsorption-desorption, eqs. (12), (13):
where
, the parameter γ is given by:
With the quantity χ *
It should be added that the total electric current density at the electrode surface ( = ±L/2) which depends on its nature and on the new variables is equal to:
where the sign + applies for = +L/2 and the sign -for = −L/2. As mentioned, these two different electrodes nature situations can be analyzed together because the first boundary condition Eq. (30) can be considered a special case of the Eq. (31), when the quantities K * K * and χ χ are zero. To obtain the variables , and E 1 it must add the Eq. (9) for the electric potential.
Particular cases
In the situation specified by the assumption outlined above (E 0 = 0, 0 = 0 , 1 = 1 = 0) the system equations (27) becomes a simple differential linear equation of 2 order with constant coefficients [24] :
The variable coefficients are denoted as follows:
Solving of the system in the own method
The steps of the solving are as follows:
1. Establishing the general form of the solution system 2. Obtain the expression of characteristic equation roots depending on the physical quantities associated to the volume processes 3. Establishing the relations between the constants of integration by fulfilling the basic system of differential equations by the , and E 1 variables;
4. Obtain the relations between constants from the boundary conditions; fundamental constants are determined from these relationships; the main constants (essential) depend on the surface processes physical quantities;
5. Solving the system of algebraic equations (three equation with three variables);
6. Final admittance formula;
7. Electrical equivalent parameters. Step 4.1. As it was already established the spatial distribution of charge carrier concentrations are antisymmetric functions (see Eq. (23)) and the electric field is a symmetric function, according to Eq. (30):
Step 4.2. 
By means of the coefficients (Eq. (30)) the following relations are obtained:
Consequently the root expressions are:
The coefficients and implicitly the solutions of characteristic equation are dependent on the angular frequency and on the physical quantities associated with the transport processes in the sample volume. The dependence of the characteristic equation roots on the angular frequency ω is very important. Frequency range should be divided into two sub-intervals depending on the condition for that the expression under the radical to be positive or negative. The angular frequency separating two intervals is:
The characteristic roots are written in the two subintervals:
The roots of the characteristic equation (37) as function of the angular frequency in the range 0 < ω ≤ ω 0 , and of the parameter λ, can be brought to a more convenient expression:
The above relations suggest defining the dimensionless parameters η 1 ,η 2 :
When λ → 0, this gives α 2 1 → α 
As a result, the following relations between coefficients are obtained:
The number of the fundamental variables is reduced to three: A , B , C . The coefficients a and b are obtained by the roots α 1 and α 2 of the Eq. (38):
It should be noted that · = −1/4. 
Multiplicative constants A , B and C depend on the appropriate physical quantities of the processes occurring at the electrode-sample interface (χ , χ ). By introducing the notations
in which M = L/2L D can be considered as a scale factor, the variables ( ), ( ) and E 1 ( ) in the point = L/2 are written as:
Step 4.5. The system of equations to be solved in relation to A, B, C is
Note that in the limit D − D → 0 (λ → 0, χ → 0) the system of the three equations is reduced to a system of two equations as shown in the previous study of electrode polarization [24] , in which the physical quantities of transport of charge have equal values. From the second equation of the system (47) the relationship between the variables A and B is:
Step 4.6. The admittance is obtained from Eq. (16) with the total electric current density depending on the constants A, B and C. To determine the admittance two ways can be used as follows:
Step 4.6.1. The (L/2) is determined according to the values of (L/2), (L/2) E 1 (L/2) on the electrode surface:
This is the path used manly for determining the impedance system presented in recent literature [9, [13] [14] [15] [16] [17] [18] 20] . It has the disadvantage that it is necessary to know all the values A, B, and C which are present in the expression (45) of the electric field E 1 ( ).
Step 4.6.2. is determined by integrating the total electric current density Eq. (9) knowing that is constant (eq. (5)) and the spatial distribution of the concentrations and are odd functions:
Last form of the admittance highlights the contribution of ionic volume conductivity and the polarization at electrodesample interface separately:
By solving system equations (47) one determines A and obtains the final admittance expression. By examination of the admittance Y EP formula it seems more convenient to consider the impedance Z EP =1/Y EP as function of ω, λ, γ instead of the admittance:
The expression (52) is easier to be analyzed and a term proportional to χ * (a specific quantity of the adsorptiondesorption surface processes) can be separated. Another quantity which depends on χ * is h (see Eq. (48)):
The latter can be separated into two terms, one is independent on χ * and the other is proportional to the quantity χ * L D :
where . This parameter is obtained from calculation of the admittance by the method presented in this work. The parameter is a combination of other known quantities (with a known meaning) whose typical values are given in literature. Numerical value of the parameter is estimated based on data taken from references [16] [17] [18] 20] in actual numbering. The final admittance expression Eq. (51) requires two comments: Although the electrode polarization occur at liquid surface the effect is manifested as such is in "parallel" with the volume conductivity; it show how to proceed to eliminate the electrode polarization effect from the spectroscopic dielectric measurement The conclusions witch can be obtained from the admittance analysis based on the dependence of the frequency as the result obtained here is equivalent to those presented in [17, 18, 20] , because is used the same assumptions: charge carriers have different transport properties, there is no net generation-recombination, electrodes are blocking, either completely or with adsorption-desorption processes; but the analysis of the equivalent dielectric permittivity dependence on the frequency is determined numerically. The difference is in the form of expression and in the presence of the sub-unitary parameters defined by us. The case analyzed in the proposed model is the closest to that described in references [17, 18, 20] which is derived from Macdonald model [10, 11] for the particular case where = 0, but are taken into account the boundary conditions for the blocking electrodes with adsorptiondesorption. In ref. [11] the boundary conditions are formulated for the "Ohmic" electrodes (non-blocking electrodes). The expression for these boundary conditions is formally similar to the blocking electrodes, with the adsorption/desorption. The difference is given by the different nature of the coefficients which are real quantities for the Ohmic electrodes and complex quantities for blocking electrodes. Thus it can be said that these two cases are mathematically equivalent, although physical situations are different. Based on the physical assumptions the accuracy, the limitations and the applications range of this model are the same as those of the Macdonald type. However, the admittance (impedance) formula has a complicated form, making it difficult to be used to establish the features in the considered frequency domain. This requires a separate analysis. That is why we propose the following approach of particular cases allowing to observe in a simplified way the partial influence of different physical quantities of the charge carriers on the admittance spectra, dielectric permittivity and of the conductivity. 
To simplify the impedance expression the following properties can be taken into account:
. In addition to that the impedance can be expressed by a Taylor series:
It should be noted that in this case the impedance Z EP depend only on the volume properties, allowing to separate the contribution of the surface processes properties of adsorption / desorption as follows.
Case of blocking electrodes with adsorption/desorption
with same values for adsorption parameters of the two type of charge carriers (K * 
is the impedance of the electrode polarization processes determined only by the quantities of the electrode-sample interface: 
To simplify the latter expression the impedance is developed as function of γ subunitary parameter:
Step 4.7 . Then, it was seen that the significant quantities are the equivalent permittivity and the conductivity which can be expressed as function of the obtained impedance/admittance by well known formula:
where The equivalent permittivity and conductivity values are in fact those used in practical evaluation of the materials.
For example, the graphs for ε = ε (ω), ε = ε (ω) and (δ) = (δ) (ω) = ε (ω) /ε (ω) are shown in the particular case where the charge carriers have the same transport properties and the electrodes are completely blocking, without adsorption/desorption: λ = 0, χ * = 0 (Fig. 1) .
The expressions used, obtained from the relations above, are:
where = √ 1 + 2 and = ω/ω D . The shape of the curves is similar to that found in ref. [27] . Finally, there are a few comments to be made. For the frequency range under 10 2 Hz where the electrode polarization occurs, the dielectric spectroscopy measurements are time consuming: a measurement can span from a several hour to one or two days. For this reason the theoretical knowledge of the electrode polarization phenomenon important. At this moment own experimental results are not available. The experiments might be performed after complete theoretical study where complicated physical situations, close to reality are considered: nonzero net rate recombination, non-blocking electrode, etc. To study the electrode polarization other models, different from that of Macdonald, can be found in the literature. An example for describing dielectric constant of the nematic liquid crystals is the Sawada model [28, 29] . The differences between Sawada's model and Macdonald's model are analyzed in the article [9] . The work compare these two models in the case that the electrodes are completely blocking, there is no recombination between mobile charge carriers and they are characterized by the same value of the mobility and the diffusion coefficient. So in terms of transport phenomena the ions behave identically and no process of adsorption/desorption takes place at the electrode surfaces. In this less realistic case, the impedance expression is quite simple and allows to make the graphics. If it is taken into account that the transport properties of ions are different and the adsorption/desorption of the charge carriers occurs at the electrodes, the impedance expression is much more complicated as it is found in this study.
The proposed model concerns positive and negative ions as charge carriers. The mobile charge carriers are also important in the solid like organic semiconductor. Thus, in organic semiconductors the transport properties depend on the structure of (macro)molecules and on the bonds between molecules because the movement of the charge carriers can occur both intra-and inter-molecularly. The molecular structure, relative orientation of the intermolecular interactions and solid state packing have strong influence on the ground state structure and the electronic excitation energies. Organic semiconductors can present charge carriers (electrons, holes, electron-hole pairs) which differ from ions by their mobility, diffusion coefficients (which can be anisotropic) and the specific carrier transport mechanism (hopping). Zhang et al. have investigated by a theoretical method the anisotropic electron-transfer mobility in organic semiconductors [30] , whereas de Haas et al. performed experiments concerning the intrinsic charge mobility in solid state phase but also organics by Pulse-Radiolysis Time-Resolved Microwave Conductivity (PR-TRMC) [31] . Zhang, et al. consider again the electron-transfer mobility, hydrogen bonds, this time by quantum chemistry calculations [32] . The paper [33] reports the steady-state and time-resolved spectroscopic experiments as well as quantum chemistry calculations to investigate the significant intermolecular hydrogen bonding effects on the intramolecular charge transfer (ICT) of a bimetallic platinum compound 4,4'-bis(transPt(PEt3)2OTf)benzophenone 3 in solution. The ground states of both the isolated molecule and its hydrogenbonded complexes were studied by the Density functional theoretical (DFT) method. The electronic excited states were investigated by the time-dependent density functional theory (TDDFT) method. In the study [34] , steadystate and femtosecond time-resolved spectroscopy (experimental) combined with theoretical calculations DFT and TDDFT methods was used to investigate the ultrafast solute-solvent intermolecular photoinduced electron transfer (ET) process, which is facilitated by hydrogenbonding interactions. The ground states of both the isolated molecule and its hydrogen-bonded complexes were studied by DFT method. The electronic excited states were investigated by TDDFT method. The electronic excited-state hydrogen-bonding dynamics, which are predominantly determined by the vibrational motions of the hydrogen donor and acceptor groups, generally occur on ultrafast time scales of hundreds of femtoseconds [35] . As a result, the femtosecond time-resolved vibrational spectroscopy is used to directly monitor the ultrafast dynamical behavior of hydrogen bonds in the electronic excited state.
Conclusions
This work presents a new mathematical approach that allow a theoretical description of influence on the impedance system of ion pair with different dissolved in the liquid crystal cell with blocking electrodes, in the absence of the generation-recombination. By introducing new independent variables is obtained a reformulation of the basic system of differential equations consisting of continuity equations for ions and Poisson's equation for electric potential. The new variables have a simple and clear physical meaning. Are defined also some important sub-unitary parameters (significant) for theoretical analysis. In the cases set for electrode polarization the mathematical model allows a simpler theoretical analysis. The mathematical solution is exact and the expression of the admittance is presented analytical. It is noted how the mobile ions occur in the admittance system expression, although the electrode polarization occurs at the sample surface. Dependence of the admittance system on the parameters of series development allows obtaining a simpler, approximate expression, which can be used more easily in practice when one needs to determine some physical quantities from experimental data. The neglected terms of series development allows one to estimate the errors made. Errors can be estimated by the size of neglected terms of series development. In the study undertaken, the number and complexity of calculations is less than for other approaches of the Macdonald model in literature. We acknowledge financial support by Romanian Authority ANCS in the framework of the PN09-450103 Project of the CORE Program.
